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Anti-inflammatory properties of protein C (PC) con-
centrate are poorly studied compared to activated
protein C, although PC is suggested to be safer in
clinical use. We investigated how PC interferes with
the leukocyte recruitment cascade during acute in-
flammation and its efficacy during murine endotox-
emia. We found that similar to activated protein infu-
sion, intravenous PC application reduced leukocyte
recruitment in inflamed tissues in a dose- and time-
dependent manner. During both tumor necrosis fac-
tor-� induced and trauma-induced inflammation of
the cremaster muscle, intravital microscopy revealed
that leukocyte adhesion and transmigration, but not
rolling, were profoundly inhibited by 100 U/kg PC.
Moreover, PC blocked leukocyte emigration into the
bronchoalveolar space during lipopolysaccharide
(LPS) induced acute lung injury. PC was efficiently
activated in a murine endotoxemia model, which re-
duced leukocyte infiltration of organs and strongly
improved survival (75% versus 25% of control mice).
Dependent on the inflammatory model, PC provoked
a significant inhibition of leukocyte recruitment as
early as 1 hour after administration. PC-induced inhi-
bition of leukocyte recruitment during acute inflam-
mation critically involves thrombomodulin-mediated
PC activation, subsequent endothelial PC receptor and
protease-activated receptor-1-dependent signaling,

and down-regulation of intercellular adhesion mole-
cule 1 leading to reduced endothelial inflammatory
response. We conclude that during acute inflamma-
tion and sepsis, PC is a fast acting and effective ther-
apeutic approach to block leukocyte recruitment and
improve survival. (Am J Pathol 2011, 179:2637–2650; DOI:

10.1016/j.ajpath.2011.07.023)

Protein C (PC) is a vitamin K-dependent anticoagulant
protein mainly synthesized by the liver, but also by en-
dothelial cells, various leukocytes, and keratinocytes. PC
is activated by thrombin bound to thrombomodulin
(TM).1,2 The conversion to activated protein C (APC) is
augmented by endothelial protein C receptor (EPCR),
which is besides other cell types also expressed on en-
dothelial cells,3–5 pointing toward an important role of
blood vessels to independently synthesize and activate
PC to mediate APC triggered functions.1,6,7

During the past decade, tremendous research was per-
formed on APC and its antithrombotic, pro-fibrinolytic, anti-
apoptotic effects, and recently its cytoprotective proper-
ties.1,4,8 These APC-induced effects are partially
independent of APCs antithrombotic function.9 In vitro stud-
ies demonstrated that APC controls leukocyte traffick-
ing,5,10,11 and there is increasing evidence that APC re-
duced leukocyte infiltration during inflammation in
vivo.1,4,8,12–14 This anti-inflammatory effect may relate in part
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to a direct binding of APC to �1, �2, and �3-integrins.11,15

The majority of APC-induced cytoprotective effects, how-
ever, is mediated by receptor-dependent mechanisms, in-
cluding an interaction with EPCR and activation of the pro-
tease-activated receptor-1 (PAR-1).1,16 A subsequent
inhibition of NF-�B translocation reduces the production of
proinflammatory cytokines and expression of cell adhesion
molecules, such as intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and
E-selectin,17 leading to impaired leukocyte recruitment.

During inflammation, the cascade of leukocyte recruit-
ment is initiated by the capture of free-flowing leukocytes
to the vessel wall, followed by leukocyte rolling along and
adhesion to the inflamed endothelial layer.18,19 During
rolling, leukocytes get into intimate contact with the en-
dothelial surface, which allows endothelial bound chemo-
kines to interact with their specific receptors on the
leukocyte surface. This triggers the activation of �2-integ-
rins, which leads to firm leukocyte arrest on the endothe-
lium and finally to leukocyte transmigration.18,19

Given its anti-inflammatory properties, APC was eval-
uated in clinical studies, revealing a reduced mortality in
severely septic patients receiving APC.20–25 Uncertain-
ties, however, regarding the efficacy and safety of APC
during septic shock still persist, stemming from a report-
edly increased risk for serious bleeding in APC-treated
patients.21,23 Notably, there is first evidence that protein
C concentrate exerts anti-inflammatory properties similar
to APC, but in contrast to APC with reduced side ef-
fects.5,7,10,26–30 During a clinical study, de Kleijn et al10

showed that protein C concentrate safely and effectively
improves survival in septic patients with meningococce-
mia. Clinically used, PC doses varied from 50 U/kg to 600
U/kg per day depending on the underlying disease (ie,
congenital or acquired PC deficiencies and severe sep-
sis).10,28–32 Notably, a systematic in vivo investigation of a
dose-dependent anti-inflammatory effect of PC concentrate
is lacking so far. Moreover, none of the published protein C
studies compared PC and APC therapy, and systematically
investigated leukocyte recruitment in vivo, including rolling,
firm adhesion, and transmigration of leukocytes taking PC
activation and signaling into account.

This prompted us to elucidate how PC interferes with
the cascade of leukocyte recruitment under in vivo con-
ditions using intravital microscopy in different acute mod-
els of inflammation. Furthermore, we investigated its op-
timal timing, dosing, and possible mechanisms of action.
Our findings reveal that PC effectively blocks leukocyte
adhesion during inflammation and therefore may be con-
sidered as an alternative therapeutic approach in treating
patients with inflammatory diseases.

Materials and Methods

Animals

C57BL/6 mice and lymphocyte function–associated anti-
gen 1 (Lfa-1�/�) mice were purchased from Charles
River and maintained at the Central Animal Facility of the

University of Heidelberg, Germany. For all experiments,
mice were at least 8 weeks of age. Icam-1�/� mice were
generated as previously described, and were back-
crossed for at least 15 generations into the C57BL/6
background.33 Thrombomodulin mutant mice (TMPro/Pro)
were kindly provided by Hartmut Weiler (Blood Research
Institute, Milwaukee, WI). They were generated using a
targeting construct with a point mutation of the TM gene
(Q404P) resulting in a strongly diminished TM-dependent
PC activating capacity to approximately 5%, as previ-
ously described in detail.2 All animal experiments were
approved by the Animal Care and Use Committee of the
Regierungspraesidium Karlsruhe, Germany (AZ 35–
9185.81/G-142/07 and AZ 35–9185.81/G-8/08).

Protein C, Cytokines, and Special Reagents

Protein C concentrate (Ceprotin) was kindly provided
from Baxter (Unterschleissheim, Germany), dissolved as
indicated in the drug data sheet to an isotonic working
solution of 100 U/mL protein C (1 U � 4 �g PC), contain-
ing 8 mg/mL human serum albumin for stabilizing rea-
sons. Isotonic human serum albumin (Sigma-Aldrich, Mu-
nich, Germany) at 8 mg/mL served as the standard control
solution. PC solution and control solution were further dis-
solved in normal saline to 200 �L and were intravenously
administered at indicated doses and time points during
inflammation. For dose finding experiments, isotonic solu-
tion of human serum albumin at 64 mg/mL (equivalent to
800 U/kg PC) served as control solution of high-dose PC
administration (800 U/kg PC). In all other experiments, PC
was administered at 100 U/kg referring to 400 �g/kg.

Activated Protein C (Xigris; Eli Lilly, Bad Homburg, Ger-
many) was diluted in normal saline to a working solution of
3 �g/mL and was systemically injected at 24 �g/kg/hour at
3 hours before microscopic observation or as indicated.

In certain experiments, the EPCR antibody RCR252 (30
�g/mouse; Abcam, Cambridge, UK) directed to the PC
binding domain of EPCR or the selective PAR-1 Inhibitor
SCH79797 (44 �g/mouse, Tocris Bioscience, Bristol,
UK34) was injected into the tail vein 5 minutes before
PC application.

In designated in vivo experiments, (recombinant mu-
rine) tumor necrosis factor-� (TNF-�) (R&D, Minneapolis,
MN) was applied intrascrotally at 500 ng per mouse,
recombinant murine keratinocyte-derived chemokine
(Peprotech, London, UK) was systemically injected with a
dose of 600 ng/mouse.

Coagulation Assays

To investigate the coagulation parameters during PC
therapy, whole blood of protein C treated and control
mice was obtained by cardiac puncture 3 hours after
application of variable doses of PC in TNF-�-induced
inflammation. Using citrated plasma samples, prothrom-
bin time, partial thromboplastin time, fibrinogen, and pro-
tein C levels were measured by the laboratory core facil-
ity of the Department of Clinical Chemistry, University of
Heidelberg, Germany. For prothrombin time, partial
thromboplastin time and fibrinogen standard assays

were performed. Levels of zymogen protein C were mea-
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sured photometrically using a chromogenic substrate
(PCa; American Diagnostica, Greenwich, CT) crossreact-
ing with human and murine protein C.

Activity of human protein C was analyzed as previously
described,35,36 with some modifications. In detail, ani-
mals were injected with 100 U/kg of human PC (Ceprotin,
Baxter) into the tail vein. As positive controls, in some
experiments 50 milliunits of human �-thrombin (Hemo-
chrom Diagnostica, Essen, Germany) were injected 10
minutes before blood sampling. In another set of exper-
iments, animals were continuously injected with activated
Protein C (Xigris; Eli Lilly, Bad Homburg, Germany) at 24
�g/kg/hour. At different time points after PC or APC ad-
ministration, blood was taken as a final blood sample
from the vena cava into 0.38% sodium citrate and 50
mmol/L benzamidine HCl. Human activated protein C
was captured from plasma samples using an antibody
specific for human activated protein C 1555 (from a kind
gift of C.T. Esmon, Oklahoma City, OK), and the activity of
the captured human PC was determined using a chro-
mogenic substrate (PCa; American Diagnostica).4

Intravital Microscopy

As recently reported, we used the cremaster muscle mod-
els of trauma induced and TNF-�-induced inflammation.37

Briefly, for the preparation of intravital microscopy after i.p.
injection of ketamine (125 mg/kg body weight; Pfizer,
Karlsruhe, Germany) and xylazine (12.5 mg/kg body
weight; Alverta, Neumuenster, Germany) mice were placed
on a heating pad to maintain body temperature. Intravital
microscopy was conducted on an upright microscope
(Leica; Wetzlar, Germany) with a saline immersion objective
(SW40/0.75 numerical aperture; Zeiss, Jena, Germany).
Mice were intubated and the left carotid artery was cannulated
for blood sampling and systemic antibody administration.

Cremaster Muscle Preparation

The surgical preparation of the cremaster muscle was
conducted as previously described (trauma-induced in-
flammation).37 In certain experiments, recombinant mu-
rine CXCL-1 chemokine keratinocyte-derived chemokine
was injected systemically at a dose of 600 ng/mouse. In
another set of experiments, mice were injected with 500
ng TNF-� via intrascrotal 3 hours before intravital micros-
copy (TNF-�-induced inflammation). Microscopic obser-
vation of cremaster muscle venules of 20- to 40-�m di-
ameter were recorded via CCD camera (CF8/1; Kappa,
Gleichen, Germany) on a Panasonic S-VHS recorder (Pa-
nasonic, Hamburg, Germany). The number of adherent
leukocytes (firm adhesion for �30) was assessed as ad-
herent cells per mm2 vessel surface area. Rolling leuko-
cyte flux fraction was defined as the percentage of rolling
leukocytes to all leukocytes passing the same vessel in 1
minute.37 Individual leukocyte rolling velocities were
measured from video recordings by analyzing 5 to 15
leukocytes/venule and measuring frame-to-frame dis-
placement of rolling leukocytes.38

In a separate set of experiments, cremaster muscle

whole mounts were obtained as previously described,37
and analyzed for intravascular and extravascular leuko-
cytes using a Leica DMRB upright microscope and a
25/0.75NA oil immersion objective (both Leica).

Leukocyte Recruitment during LPS-Induced
Acute Lung Injury

For induction of an acute pulmonary inflammation in mice,
we adapted the described model of LPS-induced acute
lung injury (ALI).39 Briefly, LPS from E. coli 0111:B4 (10 �g
LPS/50 �L PBS; Sigma-Aldrich, Munich, Germany) was in-
tratracheally instilled during anesthetic inhalation of isoflu-
rane (Baxter) to trigger neutrophil infiltration into the lung.
PBS served as a negative control. For PC timing experi-
ments 100 U PC/kg or control solution were given intrave-
nously 5.5 hours, 2 hours, 1 hours, or directly before bron-
choalveolar lavage, as indicated. In a second approach,
100 U PC/kg was administered 0.5 hours after LPS instilla-
tion in WT mice, LFA-1, or ICAM-1 deficient mice to dissect
the role of LFA-1 and ICAM-1. Six hours after LPS applica-
tion mice were anesthetized by i.p. injection as already
mentioned, the trachea was cannulated and a bronchoal-
veolar lavage of the left lung was performed using a rinse
solution containing PBS and protease inhibitor solution (Pro-
tease Inhibitor Cocktail; Sigma-Aldrich, Munich, Germany)
to harvest infiltrated cells. For leukocyte differentiation,
stained cytospin preparations were analyzed on a Leica
DMRB upright microscope (Leica, Wetzlar, Germany) and �
25/0.75 NA oil immersion objective (Leica).

Immunohistochemistry

To investigate the effect of protein C on TNF-�-stimulated
cremaster muscle venules concerning the endothelial ex-
pression of E-selectin, P-selectin, VCAM-1, ICAM-1, TM,
and EPCR, we performed immunohistochemical analysis
of whole mount cremaster muscles as described.40,41

Briefly, primary antibodies against murine E-selectin (9A9,
monoclonal rat IgG1 anti-mouse and 30 �g/mouse; gener-
ous gift from B. Wolitzky, MitoKor, San Diego, CA), P-selec-
tin (RB40.34, monoclonal rat IgG1 anti-mouse and 30 �g/
mouse; generous gift from D. Vestweber, Max-Planck-
Institute, Münster, Germany), VCAM-1 (MVCAMA 429 and
30 �g/mouse; Abd Serotec, Oxford, UK), or ICAM-1 (YN-1,
monoclonal rat anti-mouse and 30 �g/mouse; ATCC, We-
sel, Germany) were systemically injected and incubated for
10 minutes. Because of the intravascular antibody applica-
tion after exteriorization of the cremaster muscle, binding of
antibodies is mostly restricted to surface expressed anti-
gens within the vasculature. Primary antibodies against TM
and EPCR were administered after permeabilization. Anal-
ysis of stained slides was conducted semi-quantitatively in
a blinded manner (0 � no, 1 � weak, 2 � medium, 3 �
strong signal) on a Leica DMRB upright microscope (Leica)
and a � 25/0.75 NA oil immersion objective (Leica). Photo-
graphs of the samples were taken using a color CCD cam-

era (KAPPA, Gleichen, Germany).
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Flow Cytometry

For flow cytometric analysis of ICAM-1 expression on
endothelial cells, we used cultured murine aortic endo-
thelial cells (MAECs). The MAECs were isolated and cul-
tured as previously described.42 In brief, 3-mm long
freshly harvested and cleaned aortic rings were seeded
into Matrigel-coated culture dishes (BD, San Jose, CA)
and incubated at 37°C, 5% CO2 in Dulbecco’s Modified
Eagle Medium (supplemented with 15% fetal bovine se-
rum, 1% Pen/Strep, 90 �g/mL heparin, 60 �g/mL endo-
thelial cell growth supplement, and 1 �g/mL amphotheri-
cin B; Fungizone, Invitrogen, Karlsruhe, Germany). After
sufficient growing endothelial cells were passaged with
Dispase (BD) and characterized by immunocytochemis-
try as described.43 For TNF-�-stimulation cells were
grown in Costar 6-well plates (Corning Inc., Amsterdam,
The Netherlands) and standard medium to near conflu-
ence and incubated with TNF-� at 25 ng/106 cells for 4
hours at 37°C. PC pretreatment with 5 U/106 cells was
initiated 2 hours before TNF-� stimulation. Next, cells
were harvested and incubated in the dark for 45 minutes
on ice with fluorescein isothiocyanate-conjugated anti-
human CD54 monoclonal antibody (mAb) or the respec-
tive isotype control antibody (both at 1 �g/105 cells,
mouse IgG1; eBioscience, Frankfurt, Germany) to detect
anti-ICAM-1 signal on 10.000 cells using the 4-decade
FACSScan LSRII with DIVA software package (BD).

The expression of the �2 integrins LFA-1 and macro-
phage 1 antigen (Mac-1) on neutrophils of PC treated mice
was assessed by flow cytometry as previously described.37

Briefly, we used the model of TNF-�-induced inflammation
and systemically injected anti-Mac-1 mAb M1/70 (100 �g/
mouse, rat IgG2b; eBioscience, San Diego, CA), LFA-1
mAb M17/4 (100 �g/mouse, rat IgG2b; eBioscience, San
Diego, CA), or isotype control antibody (100 �g/mouse, rat
IgG2b; PharMingen, San Diego, CA) into the carotid artery
of control mice and mice treated with 100 U/kg PC for a
duration of 3 hours. This procedure of “in vivo labeling”
allowed us to exclude a significant up-regulation of integrins
by isolation procedures. Twenty minutes after injection,
whole blood was obtained, and red blood cell lysis was
performed as previously mentioned. Cells were incubated
in the dark, thereafter, with secondary phycoerythrin-conju-
gated goat anti-rat polyclonal antibodies IgG2b (1 �g/105

cells; Abcam) for 45 minutes on ice to assess the expres-
sion of the �2 integrins Mac-1 or LFA-1 on 10,000 cells/
mouse within the neutrophil cluster defined by forward–side
scatter analysis using the FACS-Scan LSRII (BD).

To detect any PC-induced alteration of CXCR2
(CD182) expression on neutrophils, we treated bone mar-
row neutrophils with PC in vitro. Briefly after red blood cell
lysis (1 U PC) was added to 106 leukocytes, it was then
incubated for 3 hours at room temperature. Cells were
incubated in the dark, thereafter, for 45 minutes on ice
with a phycoerythrin-conjugated anti-human CD182 mAb
or the respective isotype control antibody (both at 2.5
�g/105 cells, mouse IgG1; eBioscience, Frankfurt, Ger-
many) to detect anti-CXCR2 signal on 10,000 cells/sam-
ple within the neutrophil cluster in the previously de-

scribed manner.
Model of Lethal Endotoxemia

Lethal endotoxemia was induced by a single i.p. injection of
40 mg/kg LPS (Escherichia coli, serotype O55:B5; Sigma-
Aldrich, Munich, Germany), which was reconstituted in
100 �L of sterile PBS, as previously reported.9,44 Control
solution or 100 U/kg PC was administered intravenously
at 30 minutes, 8 hours, and 24 hours after LPS challenge.
In the first group, survival was observed for 14 days. In
the second group, APC plasma concentrations were
measured at approximately 24 hours after LPS injection
as previously described. Mice were perfused with sa-
line, thereafter, and the lungs were harvested. After
fixation in 1% paraformaldehyde, they were prepared
for paraffin-embedded sections. Sections were per-
formed at 3-�m thickness and stained with H&E for
microscopic evaluation.

Statistics

We used the log rank test of Kaplan-Meier survival anal-
ysis of SPSS (IBM, Munich, Germany) to compare the
mortality of PC-treated and control mice during lethal
endotoxemia. All other statistical analyses were per-
formed using Sigma Stat 3.5 (Systat Software, Erkrath,
Germany). Statistical significance between groups and
treatments were compared with one-way analysis of vari-
ance followed by a multiple pairwise comparison test
(Dunn’s test) or by the Wilcoxon rank-sum test, as appro-
priate. Semi-quantitative results of the immunhistochem-
istry signals between PC-treated and control mice were
compared using the Students t-test. Statistical signifi-
cance was set at P � 0.05.

Results

Dose-Dependent Impact of PC on Leukocyte
Recruitment in TNF-�-Stimulated Cremaster
Muscle Venules

For the observation of leukocyte recruitment by intravital
microscopy, mice were injected with PC in variable
doses, different treatment intervals, and diverse inflam-
mation models. In all treatment groups, mice appeared
healthy throughout the in vivo experiments. There were no
significant differences in hemodynamic parameters be-
tween the treatment groups (see Supplemental Table S1
at http://ajp.amjpathol.org).

First, we observed leukocyte recruitment in 3-hour
TNF-�-stimulated cremaster muscle venules of mice
treated with different doses of PC or control solution at the
time of TNF-� administration. In this model, PC treatment
resulted in reduced leukocyte adhesion in a dose depen-
dent manner. PC doses of 50 U/kg, and more, signifi-
cantly diminished the number of adherent leukocytes in
cremaster muscle venules compared to respective con-
trol mice, reaching a plateau of approximately 60% re-
duced leukocyte adhesion by a PC dose of 400 U/kg
(Figure 1A). Next, we investigated leukocyte rolling in

TNF-�-stimulated cremaster muscle venules. In line with

http://ajp.amjpathol.org


� SEM

Protein C and Leukocyte Recruitment 2641
AJP November 2011, Vol. 179, No. 5
previous studies, performed in mice with defective leu-
kocyte adhesion,45,46 we found no significant change of
the rolling flux fraction with increasing doses of PC (Fig-
ure 1B). PC doses of 400 and 800 U/kg resulted in an
acceleration of rolling leukocytes, whereas 200 U/kg PC
or less did not alter leukocyte rolling velocities compared
to control mice (Figure 1C), suggesting that impaired
leukocyte rolling is not causative for the reduced leuko-
cyte adhesion in this setting.

To elucidate the impact of PC on leukocyte transmi-
gration, we performed Giemsa staining of whole mounts
of TNF-�-treated cremaster muscles. Differentiation of
intraluminal and transmigrated leukocytes showed a pre-
dominant role of neutrophils in this model (88% and 94%,
respectively) (Figure 1, F–H). The number of intravascular
leukocytes decreased with higher doses of PC (Figure
1D), affecting mostly neutrophils. Similarly, extravasation
of leukocytes into cremaster muscle tissue was strongly
inhibited by PC treatment in a dose-dependent manner
(Figure 1E). Leukocyte transmigration was significantly
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Timing of PC and APC Treatment for Leukocyte
Recruitment in TNF-�-Stimulated Cremaster
Muscle Venules

To further elucidate the anti-inflammatory potential of PC
during the 3 hours TNF-�-induced inflammation, we in-
jected 100 U/kg PC at different time points before obser-
vation of leukocyte adhesion in cremaster muscle
venules by intravital microscopy. Microvascular parame-
ters are listed in Supplemental Table S1 (available at
http://ajp.amjpathol.org). As shown in Figure 2A, the ear-
lier PC was applied, the stronger the PC-induced inhibi-
tion of leukocyte adhesion. When given 3 hours after
TNF-� (ie, shortly before microscopic observation), the
PC did not significantly alter leukocyte adhesion com-
pared to control mice. In contrast, PC exerted a signifi-
cant inhibition of leukocyte adhesion when applied for 1
hour, and even stronger when given 2 or 3 hours before
observation.

In another set of experiments, we injected 24 �g/kg/
hour APC for different time intervals, and we observed
leukocyte adhesion in TNF-�-stimulated cremaster mus-
cle venules by intravital microscopy. Similar to the PC-
induced inhibition of leukocyte adhesion, APC treatment
was effective when started at least 1 hour before micro-
scopic observation (Figure 2B). A direct comparison of
the APC and PC-induced inhibition of leukocyte adhesion
after 3 hours revealed a significantly stronger effect in

Figure 2. Time-dependent impact of protein C (PC) and activated protein C
(APC) treatment for leukocyte adhesion in tumor necrosis factor-� (TNF-�)-
stimulated cremaster muscle venules. Leukocyte adhesion (per mm2 of vessel
surface area) of cremaster muscle venules were measured after 3 hours of
TNF-�-induced inflammation and at different time points after injecting a
single dose of 100 U/kg PC (A) or after starting continuous administration of
24 �g/kg/hour APC (B). Control mice received isotonic human serum albu-
min (8 mg/mL) 3 hours before observation. All values are presented as
mean � SEM from at least three mice per group. Significant differences (*P �
0.05) to the control are indicated.
APC treated mice (not depicted).
Leukocyte Recruitment during Trauma-Induced
Inflammation of Cremaster Muscle Venules and
PC Treatment

Next, we observed the effect of PC on leukocyte recruit-
ment in trauma-stimulated cremaster muscle venules, in
which the leukocyte adhesion is induced by the surgical
preparation of the cremaster muscle.47 Microvascular
and hemodynamic parameters did not vary significantly
between the treatment groups (see Supplemental Table
S3 at http://ajp.amjpathol.org). Depending on the time of

Figure 3. Leukocyte recruitment in trauma-induced inflammation after pro-
tein C (PC) treatment. Leukocyte adhesion (per mm2 of surface area) and
rolling flux fraction (RFF) (percentage) after trauma-induced inflammation
were observed in mice treated with 100 U/kg PC at different time points
before microscopic observation and in control mice, which received isotonic
human serum albumin (8 mg/mL) for 3 hours. First, the number of adherent
leukocytes (A) RFF (B) in surgically prepared cremaster muscle venules were
analyzed under baseline conditions. Next, the additional increase of leuko-
cyte adhesion over baseline (per mm2 of surface area) is shown 3 minutes
after systemic administration of 600 ng of chemokine (C-X-C motif) ligand 1
for the respective PC treatment intervals and control condition (C). Leukocyte
transmigration (D) was observed in Giemsa-stained cremaster muscle whole
mounts obtained after the respective intravital microscopic experiments. All

values are presented as mean � SEM from three or more mice per group.
Significant differences (*P � 0.05) to control are indicated.

http://ajp.amjpathol.org
http://ajp.amjpathol.org


Protein C and Leukocyte Recruitment 2643
AJP November 2011, Vol. 179, No. 5
PC application, we found that treatment with 100 U/kg PC
resulted in a marked reduction of the number of adherent
cells when compared to control mice. Leukocyte adhe-
sion was only marginally changed in mice when treated
with PC shortly before, 1 hour before, or 2 hours before
trauma-induced inflammation. When administered 3
hours before inflammatory stimulation, however, PC sig-
nificantly reduced leukocyte adhesion (Figure 3A). We
observed a moderate decrease in the number of rolling
leukocytes during trauma-induced inflammation in the
PC treatment group, although this reduction did not
reach the level of significance (P � 0.49) (Figure 3B).
Next, we used the chemokine (C-X-C motif) ligand 1
(CXCL1), also known as keratinocyte-derived chemokine,
to trigger additional leukocyte adhesion in exteriorized
cremaster muscle venules,48 and we analyzed CXCL1-
induced leukocyte adhesion in relation to PC treatment.
As previously described,48 the number of adherent cells
strongly increased 3 minutes after injection of CXCL1
under control conditions (Figure 3C) (see Supplemental
Video S1 at http://ajp.amjpathol.org). Similarly, we ob-
served a considerable increase of leukocyte adhesion
after CXCL1 injection in mice treated with PC immediately
before or 1 hour before inflammatory stimulation. Longer
PC pretreatment for 2 or 3 hours, however, strongly reduced
or even abrogated CXCL1-induced leukocyte adhesion
compared to control mice (Figure 3C) (see Supplemental
Video S2 at http://ajp.amjpathol.org), suggesting that
chemokine-mediated firm leukocyte arrest can be regulated

Figure 4. Impact of protein C (PC) on leukocyte emigration into the bron-
choalveolar space in lipopolysaccharide (LPS) induced acute lung injury
(ALI). In a 6-hour model of LPS-induced ALI, the number of intra-alveolar
neutrophils, obtained by bronchoalveolar lavage were analyzed in wild-type
(WT) mice treated with 100 U/kg PC at different time points and compared
to WT control mice (A). Time between PC treatment and bronchoalveolar
lavage is referred to as “Time after PC treatment”. PBS control mice were
injected with PBS instead of LPS. In parallel, intercellular adhesion molecule
1 (Icam-1)�/� and lymphocyte function assiciated antigen-1 (Lfa-1)�/� mice
were treated with 100 U/kg PC 30 minutes after LPS application and were
compared to untreated control mice and respective WT mice (B). All values
are presented as mean � SEM from at least three mice per group. Significant
differences (*P � 0.05) to LPS control mice are indicated.
by PC in a time-dependent manner. The PC-induced inhi-
bition of CXCL1, furthermore, triggered leukocyte adhesion
translated into significantly reduced transmigration of leu-
kocytes into cremaster muscle tissue (Figure 3D).

Leukocyte Recruitment in LPS-Induced ALI and
PC Treatment

To address the question of whether PC interferes with
leukocyte recruitment in a disease relevant model of
acute inflammation, we investigated leukocyte emigration
during LPS induced ALI.39 LPS induced a strong neutro-
phil transmigration into the bronchoalveolar space com-
pared to PBS-stimulated control mice (Figure 4A). Re-
cruitment of neutrophils was profoundly blocked by
treatment with PC at 100 U/kg in a time-dependent man-
ner (Figure 4A). During the 6-hour model of LPS-induced
ALI PC reduced neutrophil emigration when it was given

Figure 5. Plasma concentration of human activated protein C (PC) after PC
or activated protein C (APC) treatment. Plasma concentration of human
activated PC (ng/mL) was analyzed in tumor necrosis factor-�-stimulated
mice injected with 100 U/kg PC or 24 �g/kg/hour APC for different treatment
intervals (10 to 180 minutes) and compared to control mice. In some exper-
iments, additionally administered human �-thrombin augmented PC activa-
tion and served as positive controls (PC�Thr). Human APC was captured
from plasma samples using an antibody specific for human APC (A). In
addition, separate bar graphs illustrate APC concentration (ng/mL) for re-
spective treatment groups after 30 minutes (B) and 180 minutes (C). The
values of at least three separate experiments per group are presented as

†
mean � SEM. Significant differences (*P � 0.05 to control and P�0.05 to any
other group) are indicated.
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1 hour prior to bronchoalveolar lavage (i.e. 5 hours after
LPS instillation), but most efficiently when administered
shortly after the LPS application (which was 5.5 hours
before lavage).

Because ICAM-1 and LFA-1 are known to mediate
leukocyte recruitment into the lung during ALI,49 we in-
vestigated their role for PC-induced inhibition of leuko-
cyte emigration into the bronchoalveolar space in our
model of LPS-induced ALI. In accordance with a previous
report,49 the number of transmigrated neutrophils was
reduced by approximately 50% in the absence of ICAM-1
or LFA-1 compared to WT control mice (Figure 4B), sug-
gesting that ICAM-1 and LFA-1 are relevant adhesion
molecules in this setting. In contrast, PC treatment (30
minutes after LPS instillation) of Icam-1�/� mice and Lfa-
1�/� mice did not further affect neutrophil emigration into
acutely inflamed lungs, suggesting that both ICAM-1 and
LFA-1 are involved in mediating PC-induced inhibition of
leukocyte recruitment in this model.

Capture of Human-Activated Protein C in
Murine Circulation after PC and APC Treatment

After having established that leukocyte recruitment is
profoundly blocked by PC which is comparable to APC
therapy, we explored whether the injected PC became
activated in our experimental setting. We, therefore,
quantified plasma concentration of human activated pro-
tein C in PC (100 U/kg) or APC (24 �g/kg/hour) treated
mice, control mice, and thrombin-stimulated PC-treated
mice from 10 to 180 minutes after treatment (Figure 5A).
Co-injection of PC with thrombin maximally stimulated PC
activation, and thus served as positive control. APC con-
centration significantly increased 30 minutes after PC ther-
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Figure 6. Expression of P- and E-selectin, intercellular adhesion mol-
ecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), throm-
bomodulin (TM), and endothelial protein C receptor (EPCR) in tumor
necrosis factor-� (TNF-�)-stimulated cremaster muscles. Immunohisto-
chemistry was performed to assess endothelial expression of P-selectin,
E-selectin, ICAM-1, VCAM-1, TM, and EPCR in TNF-�-stimulated cre-
master muscle venules for protein C (PC) (100 U/kg) treated or control
mice (at least three mice per group). For P-selectin (P-Sel), E-selectin
(E-Sel), ICAM-1, and VCAM, primary antibodies were injected systemi-
cally and incubated for 10 minutes. Cremaster muscle whole mounts
were then fixed and permeabilized. Antibodies against TM and EPCR
were administered after permeabilization. Biotinylated secondary anti-
body, peroxidase-conjugated streptavidin, and diaminobenzidine
(DAB) were used to detect endothelial expression as brown signal.
Counterstaining was performed by H&E. The intensity of venular im-
munostaining was analyzed semi-quantitatively and presented as the
mean � SEM for all antibodies in PC-treated mice and compared to
respective control mice (A) 0 � no, 1 � weak, 2 � medium, 3 � strong
signal. Significant differences (*P � 0.05) to the control are indicated.
Representative micrographs are depicted to illustrate the endothelial
expression of ICAM-1 (B), VCAM-1, (D) and TM, (F) in control and
PC-treated mice (C, E, G, respectively). Scale bar for (B–G) is shown in
G and represents 50 �m.
apy, being comparable to levels of APC-treated mice (Fig-
ure 5, A and B). APC concentration, however, decreased to
baseline levels within 3 hours after PC treatment (Figure
5C). Altogether, our data demonstrate that human zymogen
PC is efficiently activated in vivo shortly after administration.

Expression of TM, EPCR, and Adhesion
Molecules during TNF-�- Induced Inflammation
and PC Pretreatment

Because of the fact that efficient activation of PC requires
sufficient expression of TM and EPCR, despite acute
inflammation,8,20,50,51 we performed immunohistochem-
istry of TM and EPCR in TNF-�-stimulated cremaster
muscles venules. TM and EPCR were clearly expressed
on the endothelium of cremaster muscles venules during
TNF-�-induced inflammation. Endothelial expression of
EPCR was not affected by PC, although we observed a
slightly reduced immunostaining for TM in PC-treated
mice compared to control mice, as also shown in repre-
sentative micrographs of cremaster muscle venules (Fig-
ure 6, F and G, respectively).

To further study underlying mechanisms of PC-in-
duced inhibition of leukocyte recruitment, we assessed
endothelial expression of adhesion molecules in PC-
treated and control mice (Figure 6A). Expression of E-
and P-selectin in TNF-�- treated cremaster muscle
venules were not affected by PC when compared to
immmunostained control venules. In contrast, endothelial
expression of ICAM-1 was almost completely absent after
PC pretreatment (Figure 6C) compared to the strong
signal in control mice (Figure 6B). To a minor degree, PC
pretreatment also reduced endothelial expression of
VCAM-1 in TNF-�-treated cremaster muscle venules (Fig-
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titative analysis of these immunostainings are also sum-
marized in Figure 6A.

To further support the hypothesis that PC down-regu-
lates endothelial ICAM-1 expression we investigated
TNF-�-induced ICAM-1 expression in cultured MAECs by

Figure 7. Tumor necrosis factor-� (TNF-�)-stimulated intercellular adhesion
molecule 1 (ICAM-1) expression on endothelial cells, �2-integrin, and CXCR2
expression on neutrophils after PC treatment. ICAM-1 expression of cultured
endothelial cells was measured after 4 hours of TNF-� stimulation (25 ng/mL)
with or without prior PC pre-incubation (5 U/106 cells) for 2 hours (A).
Macrophage 1 antigen (Mac-1) and lyphocyte function-associated antigen 1
(LFA-1) blocking monoclonal antibody (mAb) were systemically injected into
mice treated with 100 U/kg PC for 3 hours and a secondary antibody was
used to detect Mac-1 and LFA-1 expression on peripheral blood neutrophils
compared to control mice (B). Surface expression of CXCR2 on bone marrow
neutrophils after pre-incubation with protein C (PC) (1 U/106 cells for 3
hours) was compared to control (C). Representative histograms are shown
from three separate experiments.
flow cytometry. In PC pretreated TNF-�-stimulated
MAECs, ICAM-1 expression was strongly reduced com-
pared to MAECs solely stimulated with TNF-� (Figure 7A).
The PC-induced down-regulation of ICAM-1 expression,
therefore, was similar to baseline expression of ICAM-1 in
unstimulated MAECs.

Next, we explored whether PC regulates expression of
adhesion molecules on neutrophils and performed flow
cytometric analyses of the �2-integrins Mac-1 and LFA-1
and the chemokine receptor CXCR2 on neutrophils. PC
treatment neither changed the expression of Mac-1 and
LFA-1 (Figure 7B) nor CXCR2 (Figure 7C) on neutrophils
compared to controls, arguing against a PC-induced
down-regulation of these molecules. The results indicate
that direct binding of PC to functionally relevant sites of
these molecules does not play a key role in this setting,
as we used functionally blocking antibodies.

Role of Thrombomodulin and EPCR-Dependent
Signaling for PC-Induced Inhibition of Leukocyte
Recruitment in TNF-�-Induced Inflammation

Next, we addressed the question regarding the in vivo
relevance of TM- and EPCR- dependent activation and
signaling for PC induced inhibition of leukocyte recruit-
ment by using thrombomodulin mutant mice (TMPro/Pro),
the EPCR blocking mAb RC252 or PAR-1 inhibitor
SCH79797 during TNF-�-induced inflammation.

TMPro/Pro mice are shown to have a strongly reduced
PC activating capacity (approximately 5% of control lev-
els) and a proinflammatory phenotype.2,35 Notably, in
TNF-�-stimulated cremaster muscles of TMPro/Pro mice

Figure 8. Role of thrombomodulin (TM), endothelial protein C receptor
(EPCR), and protease-activated receptor-1 (PAR1) for protein C (PC)-induced
inhibition of leukocyte adhesion during tumor necrosis factor-� (TNF-�)-
induced inflammation. Leukocyte adhesion in 3 hours of TNF-�-stimulated
cremaster muscle venules of TM mutant (TM pro/pro) mice with and without
administration of 100 U/kg PC for 3 hours before observation were compared
to wild-type (WT) control mice (A). Furthermore, PC-treated (100 U/kg, 3
hours) mice were pretreated with the EPCR-blocking antibody RCR252 or
PAR-1 inhibitor SCH79797 to observe leukocyte adhesion in TNF-�-stimu-
lated cremaster muscle venules and compared with respective controls (B).
All values were generated from at least three mice per group and are

2
presented in adherent leukocytes per mm as mean � SEM. Significant
differences (*P � 0.05) to control are indicated.
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leukocyte adhesion was comparable to WT mice in the
absence of exogenous PC. Following therapeutic admin-
istration of PC (100 U/kg), however, an inhibition of leu-
kocyte adhesion was only observed in WT mice, but not
in TMPro/Pro mice. This demonstrates that TM-dependent
PC activation is required for the therapeutic efficacy of
PC (Figure 8A).

To explore the role of EPCR- and PAR-1-dependent
signaling for PC induced anti-inflammatory effects during
TNF-�-induced inflammation, we pretreated PC treated
and control mice with EPCR blocking mAb RC252 or
PAR-1 inhibitor SCH79797. In contrast to mice without
pretreatment, PC therapy did not reduce leukocyte ad-
hesion in mice pretreated with anti-EPCR mAb RC252 or
PAR-1 inhibitor SCH79797, demonstrating that EPCR and
PAR-1 are crucially involved in mediating PC-induced
inhibition of leukocyte recruitment (Figure 8B).

Using immunohistochemistry, we then investigated the
role of TM, EPCR, and PAR-1 for the observed PC-in-
duced down-regulation of endothelial expression of
ICAM-1 and VCAM-1 during TNF-�-induced inflamma-
tion. Semi-quantitative results of anti-ICAM-1-staining in-
tensity (see Supplemental Figure S1A at http://ajp.
amjpathol.org) are additionally illustrated by representa-
tive micrographs (see Supplemental Figure S1, B–G at
http://ajp.amjpathol.org). In contrast to PC-treated WT
mice, PC failed to reduce ICAM-1 expression in cremas-
ter muscle venules of TM Pro/Pro or WT mice pretreated
with the EPCR blocking mAb RC252 or PAR-1 inhibitor
SCH79797. Endothelial ICAM-1 expression in respective
control mice without PC (ie, TM Pro/Pro or WT mice pre-
treated with the EPCR blocking mAb RC252 or PAR-1
inhibitor SCH79797) did not differ from WT control mice
(not depicted). VCAM-1 expression was not significantly
different between the investigated groups (see Supple-
mental Figure S2 at http://ajp.amjpathol.org). Based on
these results we conclude that PC primarily reduces
ICAM-1 expression through a mechanism requiring TM,
EPCR, and PAR-1.

Role of ICAM-1 for PC-Induced Inhibition of
Leukocyte Recruitment in TNF-� and
Trauma-Induced Inflammation

Using the cremaster muscle models, we observed a sig-
nificant reduction of adherent leukocytes in Icam-1 �/�

mice, following TNF-� treatment or during trauma in-
duced inflammation (with and without concomitant
CXCL1 stimulation). The PC-mediated attenuation of leu-
kocyte adhesion was markedly reduced in the TNF-�
model (Figure 9A) and completely abolished in the
trauma model (Figure 9, B and C), suggesting that the
inhibitory effect of PC on leukocytes adhesion depends
largely on ICAM-1.

PC Treatment during Lethal Endotoxemia

After having established that PC blocks leukocyte recruit-
ment in various inflammatory models of single organs, we

addressed the question of whether PC exerts anti-inflam-
matory potential during systemic inflammation and sep-
sis. We used an established murine model of lethal en-
dotoxemia.9,44 After the challenge with Escherichia coli
LPS (40 mg/kg i.p.), the mice were treated with 3 � 100
U/kg PC or control solution (30 minutes, and 8 and 24
hours after LPS). PC therapy during lethal endotoxemia
significantly improved survival for a 14-day period com-
pared to control mice (75% versus 25%, respectively)
(Figure 10A).

Next, we determined leukocyte infiltration into the lung.
To this end, we obtained lungs on the day 2 of LPS-
induced sepsis. Leukocyte infiltration was markedly re-
duced in PC-treated mice compared to control mice (Fig-
ure 10, B and C). Similar results were observed in liver
and kidney sections (not depicted), suggesting that PC
blocks inflammation of various organs during sepsis.

To ascertain that PC is efficiently activated in LPS-
treated mice, we quantified APC plasma concentration in
septic mice treated with 100 U/kg PC. Then, 24 hours
after induction of sepsis, APC concentration in PC-
treated mice significantly increased as much as 10
ng/mL compared to control mice (3 ng/mL) (Figure 10D).
This increase of APC plasma levels is similar to that

Figure 9. Role of intercellular adhesion molecule 1 (ICAM-1) for protein C
(PC)-induced inhibition of leukocyte adhesion during tumor necrosis fac-
tor-� (TNF-�)- and trauma-induced inflammation. Leukocyte adhesion in
cremaster muscle venules (per mm2 of surface area) of intercellular adhesion
molecule 1 (Icam-1)�/� mice and wild-type (WT) mice with and without PC
treatment (100 U/kg) 3 hours before observation is shown for TNF-�-stimu-
lation (A) and trauma induced inflammation (B). Next, the additional in-
crease of leukocyte adhesion over baseline trauma-induced adhesion is
shown 3 minutes after systemic administration of 600 ng of CXCL1 (C). All
values are presented as mean � SEM from three or more mice per group.
Significant differences (*P � 0.05) to WT control mice are indicated.
observed in PC and thrombin co-injected mice (positive
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control) (Figure 10D), pointing to sufficient PC activation
during systemic inflammation.

Discussion

Anti-inflammatory properties of PC have increasingly been
studied during the past decade,1,8,12,17,20,26,30,52–54 although
this is the first study investigating PC effects on the multi-
step cascade of leukocyte recruitment during acute in-
flammation using intravital microscopy. We found that PC
is capable to profoundly block leukocyte adhesion and
consecutively, leukocyte transmigration in various in vivo
models of acute inflammation without significant changes
of hemodynamic or basic clotting parameter. These ef-
fects are shown to be dose-dependent. PC doses of 50 to
200 U/kg, which are commonly used in the treatment of
congenital PC deficiency,31,55,56 strongly inhibited leuko-
cyte adhesion and transmigration, which is consistent
with previous studies.28–30 As with the results obtained
from the cremaster muscle models of inflammation, 100
U/kg PC also significantly reduced leukocyte recruitment
into the lung during LPS-induced ALI in a time-dependent
manner that has been shown for APC only.24,57 Interest-
ingly, in our experimental setting, increasing PC doses to
400 to 800 U/kg did not lead to any further reduction in
leukocyte recruitment. Notably, de Kleijn et al10 used as
much as 600 U/kg PC for efficient treatment of patients
with meningococcemia. Our results thus further support
the hypothesis that PC exerts anti-inflammatory proper-
ties in a single dose of 100 U/kg, to be given every 6 to 12
hours, according to its half life.32,58,59

Because previous studies suggested an early use of
APC to treat septic patients,20,24 we explored optimal
timing of PC and APC to interfere with leukocyte recruit-
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ment. Both PC and APC acted in a time-dependent man-
ner and exerted the strongest blocking potential when
given shortly (as much as 1 hour) after onset of inflam-
mation, allowing an in vivo acting time of at least 2 hours,
which is supported by a very recent study of PC treat-
ment in a model of cecal ligation and puncture-induced
sepsis.26 PC began to block leukocyte recruitment, nev-
ertheless, as early as 1 hour after application, depending
on the inflammatory model, pointing to additional rapid
interaction or signaling through the PC pathway beside
changes of transcriptional activity. To evaluate how fast
PC enters the PC pathway in our experimental setting, we
investigated the availability and activation of the zymo-
gen PC, although systemic PC activity might underesti-
mate the amount of activated protein C generated within
the specific microenvironment at sites of inflammation.16
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minutes after PC administration systemic APC concentra-
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inflammatory models.

We tested the hypothesis that sufficient activation of
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local inflammation of single organs, but also during sys-
temic inflammation and sepsis. Using an established mu-
rine model of lethal endotoxemia,9,44 we demonstrated
that administration of the zymogen PC at 100 U/kg (30
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after LPS application. At this time, inflammation had
largely spread systemically15 and various organs were
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but not in PC-treated mice. In agreement with the report
of Messaris et al,26 we found that sepsis-induced mortal-
ity was significantly reduced in mice treated with zymo-
gen PC at 100 U/kg for 30 minutes, and for 8 hours and
24 hours after LPS challenge. Notably, the survival im-
provement of PC-treated mice was comparable to APC
treatment in the same experimental setting as de-
scribed in the study of Cao et al.15 We provide, there-
fore, strong evidence for efficient activation of PC and
its anti-inflammatory properties during systemic inflam-
mation and sepsis.

The in vivo capacity of PC activation during acute in-
flammation10,26 is a matter of debate, as the expression
of TM and EPCR is expected to be reduced in this set-
ting.8,20,50,51 Indeed, based on our findings of TMPro/Pro

mice TM-mediated PC activation is relevant for PC-in-
duced inhibition of leukocyte adhesion during inflamma-
tion. Of note, we observed that TM and EPCR are strongly
expressed in inflamed venular endothelium, indicating
that the capacity to activate PC is maintained at least at
the early stages of inflammation.

PC treatment failed to reduce leukocyte adhesion in
TMPro/Pro mice, whereas no difference in leukocyte adhe-
sion was apparent in animals without PC treatment. This
emphasizes the important role of TM for PC activation.
Given the established anti-inflammatory properties of the
lectin-like domain of TM, which remains intact in TMPro/Pro

mice, we cannot exclude an additional and PC-indepen-
dent inhibitory effect of TM on leukocyte recruitment.

After in vivo activation of PC, its anti-inflammatory prop-
erties are further mediated by EPCR- and PAR-1-depen-
dent signaling, as already described for the cytoprotec-
tive effects of APC.1,3,6,16 Very recently, Guitton et al60

discovered that the protective APC signaling during inflam-
mation crucially involves NF�B and ERK1/2 mitogen-acti-
vated protein kinases, which in turn might regulate endo-
thelial inflammatory response via key leukocyte adhesion
pathways.1,6,16 In the used inflammatory models, the ma-
jority of firm leukocyte adhesion is mediated by binding of
the �2-intergins LFA-1 and Mac-1 to ICAM-1 and other,
yet undefined ligands.19 In our study, expression of �2-
integrins Mac-1 and LFA-1 on neutrophils was not altered
in PC-treated mice, which, however, does not generally
exclude a direct effect of PC on leukocytes such as
integrin activation or function. This is interesting regard-
ing two recent reports about direct effects and binding of
APC to �1-, �2-, and �3-integrins.11,15 In one of the stud-
ies, APC was found to directly bind to Mac-1 on macro-
phages, which was crucial for the anti-inflammatory effect
of APC during LPS-induced sepsis in mice.15 Notably,
the experimental design and the investigated leukocyte
subsets in this study are different from our study.

On the endothelial site, TM, EPCR-, and PAR-1-depen-
dent mechanisms trigger PC-induced down-regulation of
the integrin ligand ICAM-1, an adhesion molecule that
controls firm leukocyte arrest in our used inflammatory
models. Of importance, PC failed to further block leuko-
cyte adhesion in Icam-1�/� mice, suggesting that
ICAM-1 is crucially involved in mediating PC-induced
inhibition of leukocyte adhesion during acute inflamma-

tion, as described for APC-induced anti-inflammatory ef-
fects.8 Future studies, however, might further explore the
mechanisms of PC-induced regulation of inflammatory
response dissecting the role of integrins and their li-
gands.

Taken together, we demonstrated that protein C con-
centrate inhibits leukocyte recruitment in different in vivo
models of inflammation in a dose- and time-dependent
manner. Intravital microscopy of inflamed cremaster
muscle venules revealed that 100 U/kg PC is sufficient to
block leukocyte adhesion and transmigration, but not
leukocyte rolling as early as 1 hour after administration.
The similar potential of PC and APC to interfere with
leukocyte recruitment is entailed to rapid and sufficient
TM-mediated protein C activation and EPCR-dependent
signaling, which in turn critically involves ICAM-1, a key
adhesion molecule in our experimental models of inflam-
mation. Sustained PC activating potential, even during
lethal endotoxemia may explain why PC therapy im-
proves survival of septic mice in our experimental setting.
These results may contribute to discuss PC as an alter-
native anti-inflammatory treatment to APC and initiate fur-
ther studies investigating protein C concentrate as a safe
and effective therapeutic strategy in patients with inflam-
matory diseases.
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